Modelling airborne dispersion in the Collie basin by Evans, Bradley
MODELLING AIRBORNE DISPERSION IN
THE COLLIE BASIN
by
Bradley John Evans
A thesis submitted in ful¯llment of the
requirements for the degree of Bachelor of Science (Honours)
in the School of Environmental Science
Murdoch University
October 2008I declare that this thesis is my own account of my research, unless otherwise
stated. It contains as its main content work which has not previously been
submitted for a degree at any tertiary institution ( 14500 words).
Bradley John Evans
iABSTRACT
Mesoscale airborne dispersion models are useful tools for predicting the
impacts of pollutant gases from industrial emissions. This study uses the Com-
monwealth Scienti¯c Industrial Research Organisation's The Air Pollution Model
(TAPM) to predict sulphur dioxide (SO2) dispersion in the Collie basin, South
West of Western Australia. TAPM, like most mesoscale models, poorly predict
light winds (< 2ms¡1) under strongly stable atmospheric boundary layer condi-
tions over complex terrain. This study alters TAPM deep soil moisture (DSM)
initialisation and uses a strict spatial and temporal point and pattern sensitivity
analysis and time relaxed ranked comparison approaches. It was found that mod-
elled DSM did not signi¯cantly perturb TAPM meteorological outputs despite
patterns indicating enhanced model performance against near surface predictions
of temperature and wind direction. The DSM parameterisation resulted in im-
proved prediction of highest and second highest SO2 ground level concentrations
at the Collie monitoring site. The TAPM results reproduced aspects previous
studies on the region and known limitations.
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ixCHAPTER 1
Introduction
1.1 Environmental Air Quality and Industrial Develop-
ment
The quality of the air we breathe is fundamental to our well being and the
ecosystems we inhabit (DEWHA, 2008). Airborne chemicals such as sulphur diox-
ide (SO2) are constantly being dispersed into our atmosphere from both natural
sources and as the result of human activity (WHO, 2006). Modern industrialised
nations have become dependent on cheap electrical power derived from fossil fu-
els and mainly cheap coal which underpins economic development globally (EPA,
2007; IEA, 2008). When coal is burnt, like most fossil fuels, it oxidises into numer-
ous species of carbon, sulphur, nitrogen and volatile organic compounds and is
a main cause of anthropogenic atmospheric emissions globally (UNDESA, 2007).
These airborne pollutants can adversely a®ect the respiration of humans, animals
and plants, and both the concentration and period of exposure are critical factors.
Globally, initiatives such as the Kyoto Protocol and The United Nations
Commission on Sustainable Development (UNCSD) have attempted to identify,
quantify and limit industrial emissions of pollutants and have taken the critical
¯rst steps in recognising the environmental impacts resulting from them (UN-
DESA, 2007). Understanding exactly how industrial practices contribute to life
1threatening pollution events is critical in the creation of policy and measures to
mitigate their impact. Research into the impacts of industrial emissions is both
well established and ongoing. Despite the known environmental consequences
of fossil fuel use, combined with their rising cost and increased scarcity, their
economic advantage over alternatives continues to provide the economic argu-
ment for their use and reinforces the need for air quality monitoring and other
measures.
Over the last decade much progress has been made towards global and na-
tional (Australian) recognition of the need to curb emissions of both toxic and
greenhouse gases. Most recently, Australian researcher Ross Garnaut released his
¯nal report on climate change outlining the link between emissions and climate
change (NEPC, 1998; Garnaut, 2008). Power production in Australia falls un-
der State Government regulation. However, it is Federal Government initiatives
(Commonwealth Government of Australia) which have driven monitoring, goals
and standards and the legislation of emissions. In Australia, 93 toxic substances
are monitored and recorded by the National Pollution Inventory (NPI) of which
sulphur dioxide SO2 is one. Until April, 2008 the NPI also recorded greenhouse
gas emission, however, since the establishment of the National Greenhouse and
Energy Reporting Act 2007, which came into e®ect on 29 September 2007, the
NPI has been amended to no longer monitor GHG emissions (DEWHA, 2008).
This thesis focuses on a speci¯c pollutant, SO2, and its dispersion from the tall
stacks of coal ¯red power stations near Collie. This region is under the jurisdic-
tion of the State Government of Western Australian and the Air Quality Branch
of the Department of Environment and Conservation.
21.2 The Collie Region
The town of Collie is situated in the south west agricultural region of West-
ern Australia, approximately 200 km south west of Perth and 50 km inland from
Bunbury. Shown in Figure 1.1 Collie is located -33± 34' S latitude and 116± 15' E
longitude (430541 m E,6283924 m N ) using the MGA94 datum described in ICSM
(2008). Laying to the east of the Darling Scarp, the Collie Basin is considered an
extension of the Perth Basin (Le Blanc Smith, 1993). The ancient meandering of
the Collie River carved out this undulating pristine rural landscape as its waters
°owed o® the Darling Scarp. Over time, the river distributed an abundance of
permian sedimentary rocks in the swampy valley formations that remain part of
the landscape today (Le Blanc Smith, 1993). Approximately 63% of the Collie
Basin is open forest, 30% pastures and agriculture, 1% surface water and the re-
mainder a mix of industry and urban settlement (Australian Government, 2006;
2007).
The town has a population of 7,084 of which approximately 14.4% claimed
to be employed in coal mining, 4.4% in Electricity Production, and 4.4% in mining
related industry (ABS, 2007). Other industries in the region include Education
6.6 % and Retail 4.0%. The residents of Collie, as well as industry, depend heavily
on their continued and central role in energy production for the South West Inter-
connected Grid (SWIS). Collie is the SWIS's central hub and several mines and
power stations in the region combine to produce approximately 49% of the state's
total coal production and currently generate approximately 40%-50% of the total
electricity capacity (Verve Energy, 2007). Given growth demand in industrial and
domestic energy supply is linked to population and industrial growth, over time
Collie's expansion will result in an increase in electricity generation capacity to
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Figure 1.1: Map of the South West of Western Australia showing Collie, Perth
and Bunbury
approximately 60% of the SWIS total (Verve Energy, 2007). This growth provides
regional employment and creates wealth and cheap, base load electricity which
will underpin the state's competitiveness. It also creates the risk of negatively
impacting on the region's and state's air quality.
Whilst a number of mineral deposits found in coal are also a concern to air
quality, this project is focused on SO2 that ultimately comes from sulphur deposits
present in coal that oxidise when combusted. Like most coal deposits, Collie
mined coal does contain sulphur (Pitts, 2002). Estimating the sulphur content of
Collie coal content is complex, because the distribution of sulphur concentration
in Collie's open cut mines varies both within the vertical and horizontal within
its strati¯ed seams (Pitts, 2002). Handling, transporting (via conveyor, truck
and articulated shovel) and on-site storage further convolutes the distribution of
sulphur in the coal fuel through mechanical mixing and aqueous leaching processes
4(Pitts, 2002). The Muja, Collie and Worsley power stations derive their coal from
four mines located in Collie known as the Muja mine, Gri±n Coal Mine (Gri±n
Energy), Ewington mine and Premier Mine (Wesfarmers Energy) (Pitts, 2002;
DEC, 2008). Therefore, at the power stations, the sulphur content of combusted
coal can vary between 0.4% and 1.0% by weight (Pitts, 2002; DEC, 2008).
1.3 The Climate of Collie
Understanding the climate of a region is the ¯rst and most critical step in
understanding for modelling atmospheric phenomena in its domain. The climate
of the Collie region is mesothermal and experiences dry and hot summers and cold
wet winters (Gentilli, 1971; IOCI, 2002). At 35± S Collie's climate is driven by
the midlattitude westerlies and the Southern Hemisphere Annular Modes (SAM)
which transport high pressures west to east across the continent (Hendon et al,
2006). The SAM system is characterised by its barotropic seesaw e®ect between
latitudes 35± and 60± S (Gentilli, 1971; Rashid and Simmonds, 2004; Hendon
et al, 2006). During the winter months, the centre of dominant high pressure
systems tends to be further north over the south west bringing cooler polar air
northwards. In summer, the high pressures tend to be further south and the
air transported westward from the east is warmed by the land en-route to Collie
(Sturman and Tapper, 2006). The interaction between SAM and the Leeuwin
current, that brings warm equatorial waters poleward during winter months, also
contributes to the dominance of precipitation events in colder months (Hendon
et al, 2006).
January and February are the hottest months of the year with average mean
maximum temperatures of 30.5± C and 30.1 ± C respectively (BoM, 2008). From
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Figure 1.2: Topography of the Collie Region smoothed by TAPM for the inner
most grid of 35x35x25 points with a resolution of 1000m.
May through to September, Collie's mean maximum temperatures stay below 20±
C with averages of 18.9± C, 16.3± C, 15.5± C, 16.3± C and 18.1± C respectively
(BoM, 2008). The winter peak cold months are July and August which coincide
with highest rainfall of around 180mm. The long term mean annual rainfall is
around 940mm (BoM, 2008).
The long term mean wind speed in Collie varies seasonally between 1.4ms¡1
and 3.3ms¡1. Analysis of the seasonal variance in diurnal wind velocity from the
Table 1.1: Summary of long term seasonal mean wind speeds (m s¡1) for Collie
in (BoM, 2008).
Time of day Summer Autumn Winter Spring
09:00 AM 2.50 1.63 1.37 2.31
03:00 AM 2.98 2.65 3.29 3.30
6Bureau of Meteorology's climate statistics are summarized in Table 1.1 for the
period 1957-1975 (BoM, 2008). Morning 0900 h mean winds are at their highest
in summer at 2.5 ms¡1 and lowest in winter at 1.4 ms¡1. Afternoon 1500 h mean
wind speeds maintain a peak of approximately 3.3 ms¡1 throughout winter and
spring and are lower in summer-autumn ranging from 2.7 to 3.0 ms¡1 (BoM,
2008). Collie's annual average morning 0900 h wind speed is 1.9 ms¡1 and an
afternoon 1500 h mean wind speed of 3.0 ms¡1. The coastal town of Bunbury
features an annual morning 0900 h average mean wind speed of 5.6 ms¡1 and an
afternoon 1500 h of 4.3 ms¡1. The stronger winds observed at Bunbury are the
direct result of the sea and land breeze circulations. Given Collie's inland location
the land/ sea breeze e®ects are not as strong due to frictional retardation.
Pielke et al. (1989) de¯nes a wind ¯eld pattern for u (eqn. 1.1), v (eqn.
1.2) and w (eqn. 1.3) that incorporates the hydrostatic synoptic and mesoscale
°ows and predominately non-hydrostatic microscale (local) °ows. With this in
mind, considering Figure 1.3(c) for the winter months one might have expected
to see a dominance of polar south westerlies and dominant continental easterlies
in summer, prevalent in the synoptic climatology. Instead, Figure 1.3(a) shows
a dominant summer pattern of south easterlies and west north westerlies and a
dominance of north easterly pattern in winter: because these hourly averaged
wind speed and directions have been derived from local (10m) analysis at the
Commonwealth Bureau of Meteorology's Collie site (BoM, 2008) they inherently
include local e®ects.
u(x;y;z;t) = uo(x;y;z;t) + u
0
(x;y;z;t) + u
00
(x;y;z;t) (1.1)
v(x;y;z;t) = vo(x;y;z;t) + v
0
(x;y;z;t) + v
00
(x;y;z;t) (1.2)
7w(x;y;z;t) = wo(x;y;z;t) + w
0
(x;y;z;t) + w
00
(x;y;z;t) (1.3)
where (x,y,z,t)o refer to synoptic °ow, and (x,y,z,t)
0 and (x,y,z,t)
00 refer to
mesoscale and microscale °ow (after Pielke et al., 1989).
Similarly, Figure 1.3 (b) shows this pattern extends through summer into
Autumn, albeit less intense. The month of spring (see Figure 1.3 (c)) stands out
as a good balance of south easterlies and north westerlies. This variance can be
explained by examination of the wind rose in Figure 1.3 together with Figure
1.2. The basin land form, carved out by the Collie River creates a valley ridge
that channels or funnels local winds along, over and around its undulating peaks
and troughs with a dominant pattern of south-east to north-west and the reverse.
This is a well documented phenomena in both natural complex landscapes and
urban environments (Pielke et al, 1983; Stull, 1989).
1.4 Air Quality Measures
The National Ambient Air Quality Standards, known as the National En-
vironmental Pollution Measures (NEPM), were developed by the National En-
vironmental Protection Council. (NEPC, 1998). The NEPM standards are not
federal legislation and must be rati¯ed and enforced under state legislation (WA
Govt.,1996). In 2001, these NEPM's were not legislated and used only as non-
binding `goals' part of the broader strategy for developing statewide legislation
(EPA, 1999). Relevant criteria and standards from an Australian perspective are
described in further detail in subsequent sections.
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(d) Spring
Figure 1.3: Seasonal wind roses based on hourly averaged wind speed (ms¡1) and
direction (o) observations from the Collie Meteorological Station over calendar
years 2000-2007 (after BoM, 2008).
1.4.1 National Environment Protection Measures
It is proposed that the NEPM apply outside industrial areas and residence
free bu®er zones around industrial areas. The NEPM standards for criteria pol-
lutants are listed below in Table 1.2. These specify a maximum concentration
and the goal that is to be achieved within ten years of the NEPM introduction
(by 2008). The current applicable standards are listed in Table 1.2. A 10-minute
SO2 standard is also in development, however, the high cost to install monitoring
at some point sources is prohibitive and a major factor facing its implementation
9(NEPC, 2004a).
1.5 Regulatory Modelling and The Air Pollution Model
Modelling air pollution is considered an important part of Environmental
Impact Assessment (EIA) and modelling is conducted during this process and
validated by relevant authorities. For example in Collie, organisations such as
Sinclair Knight Merz and the Commonwealth Scienti¯c Industrial Research Or-
ganisation (CSIRO) have conducted research and submissions using pollution
models, including TAPM, for recent expansion of the coal ¯red power generation
industry in the region. Pollution dispersion models, often called regulatory mod-
els, have developed over time. Semi-empirical and analytical approaches have
been developed to predict pollutant dispersion (Chang and Hanna, 2004).
Typically, these have centered around Gaussian plume or pu® models and
site monitoring over time scales often up to a number of years (Lyons and Scott,
1994). Site monitoring is costly, expensive and often limits monitoring to a small
number (1-4) of sites when often broader areas are of interest (Wilmott, 1981;
Chang and Hanna, 2004). Gaussian models have known limitations inherent in
their computational design such as failure to adequately account for complex ter-
rain (Pielke, 2002). An alternative method is to use prognostic meteorological
Table 1.2: Summary of the NEPM standards for SO2 applicable to Collie (NEPC,
1998; NEPC, 2003; NEPC, 2004a and NEPC, 2004b).
Exposure SO2 SO2 Period
Time ppm ¹gm¡3 Exposure
1-hour 0.20 570 1 day a year
24-hours 0.08 228 1 day a year
1-year 0.02 57 n/a
10data to generate local scale meteorology, thus removing the need for observations
once a model is validated on a region. Then using a suitable pollution disper-
sion model, that employs more complex three dimensional (3D) Eulerian and
Lagrangian particle techniques, one can better predict how pollutants disperse
in a region. One model designed to both predict meteorology and pollution dis-
persion is The Air Pollution Model (TAPM) developed by the Commonwealth
Scienti¯c Industrial Research Organisation (CSIRO) (Hurley, 2005).
TAPM is two models in one, a prognostic meteorological model and an air
pollution dispersion model. The meteorological model takes inputs of terrain
height, land use, deep soil moisture and sea surface temperature and synoptic
scale meteorology (Hurley, 2005). The pollution model module takes input of
stack location, stack diameter, height, exit velocity and pollutant concentrations
(Hurley, 2005). TAPM computes complete equations in 3D to produce hourly pre-
dictions of the desired pollutant concentrations (pollution module) as well as me-
teorological parameters including wind speed, wind direction, relative humidity,
temperature, solar radiation, evaporation, rain and snow across a pre-de¯ned and
equally spaced x,y,z grid (meteorological module) (Hurley, 2005). In this project
both meteorology and pollutant dispersion is modelled and results compared to
observation data and literature provided by the Department of Environment and
Conservation Air Quality Monitoring Branch.
1.5.1 Model Validation
Motivation for validation of a models ability to predict the fate of gases and
aerosols emitted into the atmosphere is driven by the economic, public health
and environmental impacts and speci¯cally the ground level concentrations (glc)
11emissions result in. It is important to validate through comparison of observations
and model output in context of its ability to deal with local forcing such as terrain
homogeneity, atmospheric stability, wind speed and direction as these all impact
on atmospheric dispersion (Chang and Hanna, 2004). The literature contains
a number of TAPM studies speci¯cally on the Collie region, and the CSIRO
have developed a case supporting its use in the region (Pitts, 2002; Hibberd and
Physick, 2003; Physick and Edwards, 2004). This fact was in°uential in TAPM
being selected for this project as it provides scope for comparison to these prior
bodies of work.
However, the Collie region exhibits meteorology that is poorly replicated
by TAPM, speci¯cally light winds in strongly stable conditions under which
the model overestimates wind speed and underestimates stability (Hurley, 2005;
Luhar and Hurley, 2008). The regional regulatory authority, the Air Quality
Monitoring Branch (A.Q.M.B.) of the Department of Environment and Con-
servation (DEC), submitted guidance notes for regulatory modelling speci¯cally
limiting the use of TAPM from near surface zero or low buoyancy sources in
stable nocturnal boundary layer conditions (DEC, 2006). Pitts (2002), Hibberd
and Physick (2003) and Physick and Edwards (2004) discuss meteorological and
pollution concentration validation in the region speci¯cally addressing client and
A.Q.M.B. concerns for air quality in Collie.
1.5.2 TAPM Limitations
TAPM works on a local grid coordinate system, that is, once the central
grid point has been established the grid spacing determines the horizontal domain.
TAPM's domain is based on a cartesian grid, for example the grid in this study
12is 35x35 grid points spaced at 3x104m, thus to calculate the domain one simply
¯nds the product of the x and/or y axes and the grid spacing i.e. 1.05x106m.
Since TAPM's grid spacings are of equal distance apart the grid is a rectangle
and does not account for the curvature of the earth. Therefore, a TAPM grid
is limited to 1.5x106m by 1.5x106m (Hurley, 2005). This project's domain falls
within this limitation.
The reach of this limitation also extends in the vertical and thus TAPM
cannot accurately represent deep atmospheric circulations as evident in extreme
weather events. The assumption of incompressibility and that non-hydrostatic
e®ects are simply not represented above 5 x 106m results in the necessity to
smooth wind, temperature and humidity incrementally above 5 x 106m through
8 x 106m which in turn minimises the downwards re°ection of waves between the
upper levels and lower levels of the model (Hurley, 2005). There were no extreme
weather events perturbing Collie in 2001 so this limitation is also not a problem.
TAPM's ability to predict low winds (U<2ms¡1) under strongly stable con-
ditions, particularly in a stable nocturnal boundary layer, has been associated
in the literature with an incompatibility between the Monin-Obukhov similarity
theory (MOST) and the Bussinger-Dyer-Hicks (BDH) relationships that TAPM
employs for resolving the surface °ux. Luhar and Hurley, (2008) identi¯ed a
new semi-empirical set of parameters to update TAPM's stability functions for
strongly stable conditions. Since Collie often experiences low winds under stable
nocturnal boundary layer conditions and the TAPM model used in this study
(version 3.0.7) does not include this new parameterisation, this limitation will
impact on the results derived from this project.
TAPM cannot be used in very steep terrain. TAPM uses a terrain following
13approach that cannot represent marked changes in terrain elevation typical of
blu® bodies and cli®s. The literature does not exhaustively explore this issue
in Collie, with the exception of Pitts (2002) that identi¯ed it as a potential
problem, as it features open cut mines directly down wind of the Muja and Collie
power stations (Hibberd and Physick, 2003; Physick and Edwards, 2004). Further
research into the current surface displacement of these sites and its representation
in the terrain elevation input for the region, could quantify their impact. Their
impacts are not experimentally isolated or investigated further in this study.
1.6 Project Aims
The foremost aim of this project was to model and analyse airborne pol-
lution dispersion in the Collie region by comparing observations and modelled
predictions and therefore assessing model skill. The ¯rst step in atmospheric
modelling of a region is a detailed background analysis designed to identify pat-
terns and trends in the meteorological and pollutant concentration observations.
For example, a speci¯c aim was to identify the impacts of the air°ow channeling
on SO2 dispersion by investigating the observational data archives and identifying
peak pollution events and the meteorology associated with them. Another was to
qualitatively de¯ne the skill, using strict spatial and temporal de¯nitions, of the
TAPM model at predicting meteorological and concentration parameters. The
second step: appropriately setup a model to achieve the desired outcome.
The project aims to identify the impacts of adaptations of existing pa-
rameters including synoptic input meteorology, deep soil moisture and terrain
topography. This is achieved through use of the sensitivity analysis technique
on the model with an experimental control i.e. the model defaults. A regula-
14tory style comparison of observed concentrations against the NEPM standard is
used to validate the observation and modelled data. Modelling glc of SO2 in this
way enables direct comparison to modelling studies from the literature which use
TAPM in the Collie region, speci¯cally Pitts (2002), Hibberd and Physick (2003)
and Physick and Edwards (2004).
It is important to mention that detailed description of the health e®ects and
post chemical reactions of SO2 once dispersed in the atmosphere is not part of
the project aims. The scope covers observational analysis and modelling of me-
teorology and airborne dispersion and not the broader social and environmental
impacts.
15CHAPTER 2
Background on Observations and Emissions
2.1 Overview of Observational Data Sources
Observation data used in this project was obtained from the Western Aus-
tralian Government's Department of Environment and Conservation (DEC) in
collaboration with Western Power and the Commonwealth Bureau of Meteorol-
ogy (BoM, 2008). Data was collected from 4 sites in the Collie basin, the data
available varies by site and includes northwards wind component (v ms¡1 and
derived from observations), eastward wind component (u ms¡1 again, derived
from observations), air temperature (T (oC)), standard deviation (¾) of wind
direction (µ) as (¾µ in o), solar radiation (IR), rain (P) and pressure (½) and are
listed in Table 2.1. Additionally, the sites Collie, Shotts and Bluewater provide
hourly averaged SO2 concentrations in parts per hundred million (pphm). Data
from the Collie and Bluewater sites are 10m hourly averaged observations whilst
Shotts is 18m and Western 2 18 and 36m. The radiation data from Collie East
(IR) and rainfall P from Western 2 was combined and used as input for the Li
and Lyons (2002) soil moisture calculations for this project.
16Table 2.1: Location and details of meteorological and SO2 monitoring sites after
Pitts, (2002), Physick and Edwards (2004) and BoM (2008).
Met MGA94 MGA94 Height Met SO2
Stat. Easting Northing of inst. params. Y/N
name (m) (m) (m) (pphm)
Shotts 431680 6305782 18 u,v,¾µ,T YES
Collie 423084 6308533 10 u,v,¾µ,T,IR YES
Bluewater 428003 6312524 10 u,v,¾µ,T YES
Western 2 429482 6301862 18,36 u,v,¾µ,T,±, P, ½ NO
2.2 Sulphur Dioxide
Sulfur dioxide (SO2) is a colourless gas with a distinct and irritating odour.
It is non-combustible and soluble in water. Typically, ambient SO2 concentra-
tions vary season by season and is generally in low concentration in Australian
cities (DEC, 2002). There is a tendency for higher levels to accumulate in winter
around industrial sites. There are known secondary chemical reactions includ-
ing formation of sulfate particles and acid rain (Lyons and Scott, 1992; NEPC,
1998). Exposure to sulfur dioxide e®ects humans, native °ora and fauna as well
as aquatic systems, agriculture and the built environment. Prolonged exposure
to SO2 at concentrations of 0.05 ppm can cause damage to crops and leaf damage
can occur at or above 0.08 ppm (DEC, 2002).
2.2.1 Measuring Sulphur Dioxide in Collie
The Collie monitoring station, operated by DEC, is the last remaining site
of a network of sites that included Shotts, Cardi®, Jacksons Farm, Western 2 and
Bluewater's (DEC, 2008). In 2001 all of these sites were operational, however,
only Collie, Shotts and Bluewater SO2 data is used in this project. NEPM clause
13(2) of NEPM (2003) stipulates that such a site must be representative of the
17air quality experienced by the general population and not to be located in close
proximity to a point source.
The monitoring equipment used (at all sites) are pulsed-°uorescent sulfur
dioxide analysers (Thermo Environmental Inc. Model 43C) set to measure sulfur
dioxide in the air from 0.001 ppm (DEC, 2002). The site is regularly calibrated
and maintained to Australian Standards. Australian standard AS 3580.4.1-1990
Direct reading instrument method provides guidelines for measuring SO2 and a
conversion factor of 1 ppm = 2860 ¹gm¡3 that is used for all SO2 data in this
thesis (DEC, 2002).
SO2 data used in this project was from A.Q.M.B database. The data
was collected in accordance with the National Environment Protection Coun-
cil (Western Australia) Act 1996 by Ecotech under contract to Western Power
(WA Govt.,1996; NEPC, 1998; NEPC, 2003; NEPC,2004a; NEPC, 2004b). The
A.Q.M.B. received this data from Western Power in its raw form and subjected
it to their own quality assurance before storing it in their proprietary database.
The data was retrieved from the A.Q.M.B. database for this project.
2.2.2 Regulatory Findings on Sulphur Concentrations in Collie
The annual air quality report for WA, DEC (2002) reported a maximum
for the Southwest (including Collie) of 0.084 ppm equivalent to 42% of the SO2
NEPM. More recently, in DEC (2008), a technical report on Air Quality Moni-
toring (AQM) for SO2 in Collie between 2002-2006 found no exceedences of the
NEPM over this period. The highest, 0.055 ppm was measured on the 27th of
February 2004 at 1100 h.
182.3 Observation Sites
2.3.1 Collie
This site has been operational since March 1995 and is shown in Figure 2.2.
For the period 2000-2002 the site achieved a 99.9% collection rate for meteoro-
logical and SO2 concentrations (Hibberd and Physick, 2003). To the BoM it is
known as Collie East and DEC operate the SO2 monitoring as Collie (see Figure
1.2 labeled Collie). The site is located close to the Collie township (2 km) at the
edge of a grass covered sports ¯eld (i.e. Collie) on a tree lined street (south of
the site) which has been noted to perturb wind measurements at the site (Pitts,
2002). Due to its proximity to residential areas of Collie (town) the Collie mon-
itoring site is considered to be representative of conditions in the town (DEC,
2008). Situated north west of Muja, east of Collie and south east of Worsley, this
site is well positioned to pick up SO2 from each site and therefore indicative of
the region.
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Figure 2.1: Time series hourly averaged SO2 observations of ground level con-
centrations recorded at the Collie site in ¹gm¡3 in for the year 2001 (after BoM,
2008)
Figure 2.1 shows the observed hourly averaged SO2 concentrations at Col-
lie in 2001. It shows the highest observed ground level concentration of 311
§15¹gm¡3 (55% of NEPM) as occurring at 2200h on the 13th of February. The
second highest (211 §15¹gm¡3 or 37% of the NEPM) occurred on the 17th of
October at 0600h and the third (194 §15¹gm¡3 or 35% of the NEPM) 0800h
on the same day. Analysis of the top 20 showed 45% occurred in the morning
0100h-1100h, 35% in the afternoon 1200h-1400h and the remainder 1500h-2400h.
20Figure 2.2: Collie BoM and DEC monitoring site (after Pitts, 2002).
21Pitts (2002) calculated a typical 1-hour maximum on data from 1995-2002 of
211¹gm¡3 (37% of the NEPM) and a typical yearly 1-hour average of 189¹gm¡3
(33% of the NEPM). No exceedences of the 1-hour NEPM standard were reported
for this site in 2001 (DEC, 2002).
2.3.2 Shotts
The Shotts site was setup as part of the Collie Air Quality Monitoring
Network (CAQMN) and is shown in Figure 2.3. The site is located south east of
Collie, north west of Muja and due south of Collie Power Station (see Figure 1.2).
It has been operational since March 1995 and decommissioned by the CAQMN
in 2003 (DEC, 2008). Pitts (2002) noted that u, v and ¾µ at this site may be
in°uenced by either trees or topography resulting in enhanced turbulence in some
directions. In 2001 it recorded a data set completeness score of 99.9%, identical
to the Collie monitoring site.
22Figure 2.3: Shotts Collie Air Quality Monitoring Site showing the 18m tower and
the trees shown to perturb measurements at the site (after Pitts, 2002).
23The highest hourly glc of SO2 (355 §12¹gm¡3 or 62% of the NEPM) mea-
sured at Shotts during 2001 occurred at 1500h on the 13th of February. The
second highest (174 §12¹gm¡3 or 31% of the NEPM) occurred at 1200h on April
4. The third (163 §12¹gm¡3 or 29% of the NEPM) on the 11th of February at
1000h and a very close fourth (160 §12¹gm¡3 or 28% of the NEPM) at 1400h
on the 27th of the same month. These results repeat the distribution pattern of
high glc's occurring in the morning and afternoon. Of the top 20 observations
30% occur in the morning between 0900h-1100h, 55% in the afternoon between
1200h-1600h and the remainder between 2200h-2300h.
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Figure 2.4: Time series Hourly averaged SO2 observations of ground level con-
centrations recorded at the Shotts site in ¹gm¡3 in for the year 2001 (after BoM,
2008).
As with Collie no exceedences of the 1-hour NEPM standard were reported
for this site in 2001 (DEC, 2002)
2.3.3 Bluewater
This site is part of the CAQMN group of sites. Located east-north east
of Collie and north-east of the Shotts and Western 2 sites (see Figure 1.2). The
site, as with other CAQMN sites, was constructed in 1995 and decommissioned in
2003. Figure 2.5 shows the ¯eld before construction of the site, which was in the
middle of a large seasonal pastoral ¯eld and was noted to observe un-inhibited 10
m winds (Pitts, 2002). Since 2001 construction of two power stations Bluewaters
I and II has commenced close to the site, however, emissions from these power
stations are not in the scope of this thesis (DEC, 2008).
25Figure 2.5: Bluewater Collie Air Quality Monitoring Site showing ¯eld (seasonal
pasture vegetation) before site construction (after Pitts, 2002).
Although the highest SO2 concentration measured at the site (306 §12¹gm¡3
or 54% of the NEPM see Figure 2.5) was recorded in the late afternoon-early-
evening (1800h on the 12th of February) only 20% of the top 20 were night time
events. The rest (80%) were observed in the morning including the second highest
(177 §12¹gm¡3 or 31% of the NEPM) at 1100h on the 1st of May and the third
(163 §12¹gm¡3 or 29% of the NEPM) at 1000h on the 31st of December.
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Figure 2.6: Time series Hourly averaged SO2 observations of ground level con-
centrations recorded at the Bluewater site in ¹gm¡3 in for the year 2001 (after
BoM, 2008).
Pitts (2002) calculated a typical 1-hour maximum on data from 1995-2002
of 252 ¹gm¡3 (45% of the NEPM), a maximum 24 hour average of 56.2¹gm¡3
(25% of the NEPM) and a typical yearly 1-hour average of 178¹gm¡3 (31% of
the NEPM). No exceedences of the 1-hour NEPM standard were reported for this
site in 2001 (DEC, 2002).
2.3.4 Western 2
This site is part of the CAQMN group of sites. Located west north west
of Muja and south west of Shotts (see Figure 1.2), this site was constructed at
the same time as Collie and Shotts (March 1995). Site wind measurements at
18m are considered to be less than ideal, with trees extending around 10-15m
and thus thought to have a signi¯cant e®ect (Pitts, 2002). Pitts (2002) noted the
36m measurements are of good quality as no evidence of air°ow obstructions has
been cited. Nonetheless, the site is now also decommissioned.
272.4 Observed Meteorological Trends
2.4.1 Annual Wind Patterns
The observations made from the CAQMN data sets have been analysed in
the literature on Collie by Pitts (2002), Hibberd and Physick (2003), Physick and
Edwards (2004), Air Assessments (2004), EPA (2005), Environ (2006), Environ
(2007) and Luhar and Hurley (2008) . The wind regimes in the Collie basin are
of signi¯cant interest, not only for predicting dispersion of pollutant plumes, but
also for addressing the dominance of the local topography as compared to what
one might observe for any inland town of this latitude. Another characteristic
of interest in Collie's wind patterns is the dominance of calm winds (<2ms¡1)
discussed in more detail in the next section. Observations from the year 2001
have been used in a number of studies on Collie since the establishment of the
CAQMN (Pitts, 2002; Hibberd and Physick, 2003; Physick and Edwards, 2004).
The later two studies concluded that 2001 is typical of the meteorology found in
the region (Hibberd and Physick, 2003; Physick and Edwards, 2004).
Figure 2.7, shows a high incidence of calms in all years. For example in
2001 26% of winds were less than 0.5ms¡1 and 64% less than 2.0ms¡1. Secondly
there is a dominance of north-west and south-east winds that correspond to a
valley formation running in a similar direction between Muja and Worsley (refer
Figure 1.2). Although Pitts (2002) noted an increase in southerly winds evident
in 2001 the year represents the main features well and is considered a mean year
by Hibberd and Physick (2003) and Physick and Edwards (2004).
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Figure 2.7: Annual wind roses hourly averaged 10m observations for Collie Me-
teorological Station for calender years 2001-2006 featuring wind velocity (ms¡1)
and direction (o) (BoM, 2008).
292.4.2 Light Winds
For the period 2000-2007, 70% of winds recorded at the Collie meteorological
station were < 2ms¡1 and 25% in the range 2-5ms¡1 and the remainder in excess of
5ms¡1 (5%). Light wind conditions are de¯ned as a stable atmospheric boundary
layer with winds <2ms¡1 and sporadic turbulence (Stull, 1988). Although winds
below 2ms¡1 are not exclusive to strongly stable conditions, the data shows a
high frequency of light wind conditions in Collie.
Figure 2.8, showing winds measured at the Collie site in 24 hourly bins and
a frequency distribution calculated for each wind speed incrementally (+1ms¡1)
from 0 to 9+ ms¡1, highlights the diurnal distribution trends of these winds. It
shows distribution of these winds is mainly nocturnal yet this varies seasonally
with the majority of low winds distributed in the cooler months of winter and
autumn. Figure 2.8 highlights the dominance of calms at night with a peak
distribution frequency of 75.6% at 7 AM in winter but are high throughout the
year. Low winds are the dominant nocturnal pattern in all seasons with the
exception of summer evenings from around 2000h till 2400h.
This dominance of low winds poses a considerable problem for TAPM which
is known to over estimate light winds, particularly in a nocturnal boundary layer
(Luhar and Hurley, 2008). Appendix A shows the distribution of winds for the
year 2001 separately. It shows a marked increase in light winds for winter with
a peak over 80% and a general increase throughout the cooler seasons. However,
the frequency of calms in summer 2001, at Collie, was lower than the seven
year average. In light of the known issues, TAPM has in predicting light winds,
and the selection of 2001 as a typical year, this raises doubts surrounding the
appropriateness of this choice.
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Figure 2.8: Hourly wind distribution (24h cycle) of wind speed recorded at the
Collie Meteorological Station between 2000 and 2007 (BoM, 2008).
2.4.3 Summer Winds
Figure 2.9 and Figure 1.3 show spatial variability in the wind direction
di®ers signi¯cantly between the four sites. The Collie summer trend (see Figure
2.9a) is similar to the 7 year wind trends shown in Figure 1.3, in particular the
dominant south easterlies and lower frequency of west north westerlies. Shotts
(see Figure 2.9b), however, situated to the south west of Collie, features dominant
east south easterlies, with a similar distribution of southerlies and a stronger
westerly pattern to all the other stations except Bluewater. Bluewater's (see
Figure 2.9c) features much higher velocities in all directions, consistent with its
higher elevation, and follows a similar directional distribution to both Collie and
Shotts. The Western 2 site (see Figure 2.9d) stands out with velocities in similar
31range to Collie and Shotts, the wind distribution tends more south south west,
similar to that of Bluewaters and Shotts. Western 2 is considered a good site, it
is in-line with Collie in terms of the dominant south-east-north-west pattern and
un-obstructed by trees.
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(a) Collie (10m)
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(b) Shotts (18m)
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(c) Bluewater (10m)
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(d) Western2 (18m)
Figure 2.9: Hourly averaged Summer wind roses for Collie, Shotts, Bluewater
and Western2 featuring wind speeds in ms¡1 and direction in degrees(o).
Synoptically, these winds are dominated by low pressure systems, often
originating from the northern monsoonal systems, held in situ over the Perth
and South West of Western Australia by troughs which form o® the coast to-
32gether with the mid latitude high pressure systems that °ow west to east at these
latitudes in the warmer months (Gentilli, 1975). A typical example is shown
in Figure 2.10 and in this example, at 0800h in Collie, a light (1.5ms¡1) south
easterly (originating from 150o) was °owing through Collie. Such a correlation
suggests, and supports ¯ndings in the literature, that winds at Shotts and Collie
are heavily in°uenced by local terrain and trees (Pitts, 2002). Present also in
Figure 2.10 are frontal systems. In summer they progress west to east at higher
latitudes, these become more signi¯cant in cooler months. Nonetheless, the pro-
gression of these fronts during summer contributes to the winds originating from
the west and south west.
Figure 2.10: BoM MSLP Analysis for the Australian Region January 2, 2001
(BoM, 2008).
The summer winds certainly support a case for the ongoing use of the Collie
33site for monitoring emissions from Muja. Figure 2.9a supports the case that
during summer, often when power stations are at peak capacity on the SWIS due
to afternoon cooling loads, the station lies directly in line with the output °ow of
the Muja stacks. However, it is important to note these winds are measured at
10m and 18m and the emissions are from tall stacks which disperse high above
this level. Higher above the ground the plumes can also be in°uenced by the
local topography. Another signi¯cant observation is low winds at the Collie site,
compared to all other sites. Figure 2.9a indicates the majority of winds in the
1-2ms¡1 range and the next highest division being the 2-3ms¡1 with the majority
of winds less than 4ms¡1.
2.4.4 Autumn Winds
The autumn pattern, shown in Figure 2.11, follows the broader trends evi-
dent in the summer winds yet features a signi¯cant increase in winds originating
in the north west quadrant. Again, we see stronger winds at Bluewater and a
closer match between the distributions of Bluewater and Shotts. Western2, has
a relatively even distribution of winds throughout the north west and south east
quadrants with higher frequency in the latter as is evident with Collie. Another
feature, noted in the literature, is a higher frequency of southerly winds evident
in both Collie and Western2 compared to Shotts and Bluewater (Pitts, 2002).
3418%
15%
12%
9%
6%
W E
S
N
0 − 0.5
0.5 − 1
1 − 2
2 − 3
3 − 4
4 − 5
5 − 6
6 − 7
7 − 8
8 − 9
(a) Collie (10m)
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(b) Shotts (18m)
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(c) Bluewater (10m)
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(d) Western2 (18m)
Figure 2.11: Hourly averaged autumn wind roses for Collie, Shotts, Bluewater
and Western2 featuring wind speed in ms¡1 and direction in degrees (o).
2.4.5 Winter Winds
The winter pattern from 2001, shown in Figure 2.12 is quite unique. We
observe Shotts (see Figure 2.12b) having the westerly pattern also evident in
Collie (see Figure 2.12a) and Bluewater (see Figure 2.12c) yet with a distinct
northerly component found in all sites except Collie. These three sites exhibit
minimal south easterly °ows and Collie's norther component is similarly small.
Whilst the synoptic situation of winter months can be quite complex, with frontal
cyclonic systems welling upwards from the Antarctic on their eastward passage,
featuring convergence of highs and lows over the south west, this activity is un-
35doubtably due to local circulation. That is, terrain in°uences channel °ows in the
region, particularly around the Muja site through the river cut valley past Collie
on a south-east originating trajectory towards Worsley to the north-west of the
town. What is clear from the winter patters is that wind velocities observed at
the Collie site, as with other seasons, are low and again the majority within the
1-3ms¡1 range.
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(a) Collie (10m)
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(b) Shotts (18m)
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(c) Bluewater (10m)
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(d) Western 2 (18m)
Figure 2.12: Hourly averaged winter wind roses for Collie, Shotts, Bluewater and
Western2 featuring wind speed in ms¡1 and direction in o.
362.4.5.1 Spring Winds
The spring wind pattern shown in Figure 2.13, not surprisingly, resembles
the summer pattern. Bluewater's (see Figure 2.13c) has the highest observed
winds of all sites with a higher frequency of 5-6ms¡1. The obvious di®erence
between the Collie and Western2 spring and summer observations is the increased
frequency of winds from the north west and south west quadrants in spring. The
Collie site continues to be dominated by lower winds mainly in the 1-3ms¡1 range.
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(b) Shotts (18m)
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(c) Bluewater (10m)
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(d) Western 2 (18m)
Figure 2.13: Hourly averaged spring wind roses for Collie, Shotts, Bluewater and
Western2 featuring wind speed in ms¡1 and direction in degrees (o).
372.4.6 Temperature
The vertical temperature pro¯le is useful in pollution dispersion modelling
as it can be used to identify and statistically model turbulence, strati¯cation
of a mixed boundary layer and hence pollutant dispersion (Lyons and Scott,
1993). Only low level (10m-36m) observational data is used in this project i.e.
no vertical observational data. A comparison of modelled meteorology against
monitoring sites around Collie is used to derive an understanding of the year
modelled, 2001, compared to the BoM's long term climatic averages and this
approach requires caution (BoM, 2008). For example, choosing a period of lower
than average temperatures could result in reduced evaporation and soil moisture.
However, in choosing 2001 as an indicative year, one would expect temperature,
and ideally temperature gradients in the vertical, to be representative of the
climatic conditions necessary for con¯dence in one's selection.
In the previous chapter, it was identi¯ed that January and February were
the hottest months of the year with the BoM climate average mean maximum
temperatures indicating 31±C and 30 ±C, respectively. Comparing climate aver-
age with observations in the Collie basin from 2001 one can build a better picture
of 2001 as a representative year, in terms of surface temperature. For example,
summer 2001 was slightly cooler than the climate average, Shotts' January tem-
perature was 2±C cooler (19±) than the long term 21±. However, of all the stations
for this month, Collie was the closest to the long term average. The Collie station
is also the ongoing site for pollution modelling and meteorological observations
for the BoM.
382.4.7 Rainfall
The literature identi¯ed some signi¯cant observations about the rainfall of
Collie, and the year 2001. Firstly, the period from April 2000 to July 2001 stands
out as the driest period ever for the south west of Western Australia. Rainfall
has been decreasing in the south west and is noted to have sharply decreased by
15-20% in the mid-1970s (IOCI, 2002). The rainfall of 2001 serves to provide
insight into a dry summer and mildly wet winter. The marked variability, month
by month, compared to the long term average serves to challenge accuracy in
estimation of soil moisture, a feature of this project.
Rainfall is an important parameter for soil moisture calculations and pollu-
tion dispersion. Wet deposition (within cloud) and washout (below cloud), where
pollutants are swept or forced out by descending rain droplets, is an important
liberator of pollutants from the atmosphere. It is commonly known that SO2 is
soluble in water. Certainly one would consider a year of considerably less precipi-
tation than the long term average not suitable. Nonetheless, 2001 was considered
a mean year by Hibberd and Physick (2003) and Physick and Edwards (2004).
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Figure 2.14: BoM mean monthly rainfall (1938-Present) for Collie versus West-
ern2 observations for 2001 (BoM,2008).
2.5 Sources of Emissions
2.5.1 Point Source Emissions Data
In 2001 there were 3 sites for coal powered electricity production, the sites
are known as Collie Power Station, Muja Power Station and Worsley Alumina
Re¯nery. Two (Muja and Collie) of the three sites are shown in Figure 1.2
and Worsley is situated outside of the north west corner of the map. During
2001 each of these stations could be dispatched as required by Western Power to
meet the needs of the South West Interconnected Grid (SWIS). Collie and Muja
power stations were the primary SWIS servicing stations whilst Worsley primarily
supplied the Worsley Alumina mine and provided back-up for the SWIS.
Given this project is focused speci¯cally on the year 2001 we have the luxury
of observations, model validation and therefore the ability to subject the study
to far more critical analysis than was available previously. The stations mapped
on Figure 1.2 are listed in Table 2.2 including their basic parameters. This infor-
40mation has, over the last half decade been widely used as standard for pollution
modelling in the region.
Following is a detailed individual description of Muja, Collie and Wors-
ley relating the emissions to other signi¯cant information, including each power
stations contribution in terms of electrical power output to the SWIS.
2.5.1.1 Muja Power Station
Muja power station is Collie's oldest and as such the least e±cient in terms
of pollution control technology. Built chronologically over three decades in four
stages named A,B,C and D respectively it stands to reason that A and B are
the least e±cient in converting coal to electrical energy (Verve Energy, 2008).
Muja stage A was opened in 1966 (120MW), stage B (120MW) 3 years later in
1969, Muja Stage C (400MW) opened in 1982 and stage D (400MW) in 1985
(Kennedy and Pitts, 2005). Muja A and B are decommissioned and used only in
emergencies yet were operational in 2001. At maximum output of 200MW Muja
A and B output 297gs¡1 SO2 and Muja C and D produce a 784 and 786 gs¡1
Table 2.2: Active powers stations in the Collie region in 2001 including Australian
Map Grid (AMG) coordinates, emissions parameters at maximum continuous
rating from Pitts, (2002) after Physick and Edwards (2004).
Source MGA94 MGA94 Stack Stack tip Exit Exit SO2
stack Easting Northing Height diameter temp. velocity gs¡1
diam. (m) (m) (m) (m) (oC) ms¡1
Muja (A) 435924 6299126 98 3.94 200 19.0 297
Muja (B) 435873 6299148 98 3.94 200 19.00 297
Muja (C) 435775 6299074 151 5.91 133 20.4 784
Muja (D) 435664 6299257 151 5.91 133 19.0 746
Collie 431366 6310586 170 5.23 152 24.4 550
Worsley 413213 6322256 76 4.0 130 23.7 374
41SO2 respectively. Using a measure of SO2 per MW Muja C and D produce 2.0
gSO2MW¡1 compared with Muja A and B at 1.5MW¡1 which is around 33%
more. Muja A and B were now decommissioned for their e±ciency in converting
coal to electricity and not their ratio of SO2 to MW.
2.5.1.2 Collie Power Station
Collie power station, located 10km north east of the town (see Figure 1.2)
was commissioned in 1999 and is presently the largest base load power station in
the state. It was purpose built to be more e±cient than Muja A and B and for
its rated 300MW (330MW peak) of electricity it produces 550 gs¡1 SO2. This
correlates to 1.8 gSO2MW¡1. In 2001 this power station would have been ranked
4th in terms of SO2 emissions in Collie. Collie power station is classi¯ed as a base
load station, that simply means, it is generally operated at full capacity for the
majority of the time. There is however, one exception in 2001, that is a 30 day
shutdown occurred from 8 September to 8 October, 2001.
42Figure 2.15: Muja Power Station (WoE, 2007).
43Figure 2.16: Collie Power Station (WoE, 2007).
2.5.1.3 Worsley Alumina
The Worsley power station is primarily to service the Worsley Alumina
re¯nery (refereed to hereafter as Worsley). The site is located to the north west
of Collie township and there are in fact (now) two power stations at the Worsley
site (including a 130MW gas cogeneration) constructed in 2001. This project was
only concerned with the 115MW coal plant. Worsley, shown in Figure 2.17, emits
SO2 with its 374 gs¡1 at maximum power (115MW) it produces approximately 3.3
g SO2 MW¡1. Worsley is considered to operate constantly at maximum capacity
throughout this experiment and the literature has also modelled Worsley in this
way (Hibberd and Physick, 2002; Physick and Edwards, 2004).
44Figure 2.17: Worsley Alumina (Worley Parsons, 2008).
45CHAPTER 3
Experimental Methodology and The Air
Pollution Model Parameterisation
The physics of the The Air Pollution Model (TAPM) are described in detail
in Hurley (2005). Numerous input parameters can be altered and quantitative
statistical analysis probing the models sensitivity to perturbations is possible.
This chapter therefore discusses the strategic manipulation of input parameters
for this study and outlines why they were chosen together with how the results
will be statistically analysed and presented. The custom meteorological parame-
terisation in this study includes adjustment of surface data, synoptic data, deep
soil moisture and nudging of winds using assimilation. For the pollution mod-
elling conservatively averaged load balanced point source emissions data from coal
¯red power stations (Muja A,B,C and D, Collie and Worsley) is used, rather than
static or constant emissions estimates, together with background emissions from
similar studies in the region (Pitts, 2002; Hibberd and Physick, 2002; Physick
and Edwards, 2004).
3.1 Model Validation in the Experimental Design
3.1.1 Sensitivity Analysis
The key controls are parameter based and included a comparison of three
varied soil moisture parameterisations (Runs I, II and III). Other departures
46from default TAPM parameterisation schema were based on Pitts (2002), Hib-
berd and Physick (2003) and Physick and Edwards (2004) and include the choice
of grid structure, synoptic input data set, terrain data set, choice of dispersion
techniques, and variable hourly point source emissions. The de¯ning character-
istics of these three experimental model runs are described in detail later in this
chapter.
Previous modelling of Collie validated aspects of the meteorology and pol-
lution dispersion in the region and concluded TAPM produces a \good" results
although the Chang and Hanna (2004) de¯nition is not expressly mentioned in
these studies (Pitts, 2002; Hibberd and Physick,2002; Physick and Edwards,
2004). Experimental methodologies of the modellers include sensitivity analy-
sis, for example, Hibberd and Physick, (2002) experiment with land use and
buoyancy parameters. Physick and Edwards, (2004) altered deep soil moisture
parameters and Pitts (2002) included the displacement of wind around the Muja
C and D boiler tower.
3.1.2 Statistical Validation
Chang and Hanna, (2004) describe a model validation technique pack-
aged as \The Model Validation Kit" (as available in the public domain through
Harmo.org, 2008). This kit is designed for validation of dispersion models specif-
ically but its contents (detail to follow) can be applied to meteorological parame-
ters. Whilst this kit is speci¯cally designed for dispersion modelling, Chang and
Hanna (2004) recognise the work of Pielke, (2002) on subjective application of
quantitative point and pattern measures (detail following) of model skill (perfor-
mance) and its appropriateness to mesoscale meteorological model analysis. In
47addition to the systematic comparative use of Root Mean Square Error (RMSE)
described in Pielke, (2002) other statistical measures found in the literature such
as Wilmott's Index of Agreement provide a set of measures against which to
compare model predictions against observations in time and space (Willmott,
1981).
Chang and Hanna (2004) is the basis for this projects assessment of perfor-
mance. Whilst their approach is not conclusive and by design left open to change
over time, it presently stands as follows. A \good" model exhibits the following
characteristics;
² The fraction of model predictions within a factor of two of observations is
about 50
² The mean bias is within § 30% of the mean
² The random scatter is about a factor of two to three of the mean
(after Chang and Hanna, 2004)
Regardless of the validation technique and desktop comparison of perfor-
mance, con¯dence of a models performance should be region speci¯c and com-
pared against local observations. For example, TAPM was validated over markedly
di®erent terrain to the complex terrain of Collie (Hurley et al. 2005; Luhar and
Hurley, 2008). The CASES99 and Kincade datasets are from the northern hemi-
sphere and do not re°ect the soils, hydrology and vegetation types found in Aus-
tralia. Furthermore, none clearly resemble the undulating terrain in Collie which
has open cut mines upwind of major sources of emissions and a high frequency
of light winds. In this project the sensitivity analysis on TAPM runs compare a
number of point soil moisture parameterisations on emission sources in the Collie
48basin using statistical measures described as strict in space and time (Chang and
Hanna, 2002; Pielke, 2002).
3.1.3 Subjective and Point and Pattern Validation
The literature on Collie contains a frequently recurring set of statistical
measures of model skill for validating model output (Hurley, et al. 2002; Hibberd
and Physick, 2002; Physick and Edwards, 2004; Luhar and Hurley, 2008). Point
to point comparison is useful for identifying a correspondence between observa-
tions conveniently located within a modelled grid domain. When comparing two
meteorological parameters, a comparison of their mean values and standard devi-
ation, assessing the directional di®erence (Bias) and its signi¯cance (Root Mean
Square Error), a robust quantitative basis for determination of model skill can be
constructed. Furthermore, applying a number of points in a domain surrounding
a speci¯c phenomena, such as a high pollutant concentration, extends this quan-
titative method subjectively. The following bivariate statistical regressions used
in analysis have been selected for their frequent use throughout the literature
both on Collie and beyond.
² Observed and modelled means and standard deviations of wind, tempera-
ture and SO2 concentration data
² Root Mean Squared Error (RMSE) between observed and modelled data
² Wilmott's Index of Agreement (IOA) that is similar to RMSE by being
scaled from 0 to 1 with 1 being perfect. However, the index of agreement
is in°uenced by the BIAS between observed and simulated values and the
variation of the observed values (Wilmott, 1981). IOA for this project is
calculated using the following formula;
49IOA = 1 ¡
§(yi ¡ xi)2
§(jxi ¡ Y j + jyi ¡ Y j)2 (3.1)
where xi are model predictions of concentration, yi observations of concen-
tration and Y represents the mean of the dataset.
² Correlation Coe±cient (Cor)
3.1.4 The Model Validation Kit
In addition to these widely used statistical tests the BOOT statistical pack-
age, also known as The Model Validation Kit, was used to provide additional
insight into model skill and will be used to determine a quantitative performance
ranking of the model goodness (Chang and Hanna, 2004). This included sub-
jecting results to a fractional bias (FB), mean geometric bias (MG), normalised
mean square error (NMSE), geometric variance (V G).
FB =
(Co ¡ Cp)
0:5(Co + Cp)
; (3.2)
MG = exp(lnCo ¡ lnCp); (3.3)
NMSE =
(Co ¡ Cp)2
CoCp
; (3.4)
V G = exp
h
(lnCo ¡ lnCp)2
i
; (3.5)
FAC2= fraction of data points satisfying
0:5 ·
Cp
Co
· 2 (3.6)
50where Cp are model predictions of concentration, Co observations of con-
centration and C represents the mean of the dataset. Perfect model agreement
would be indicated by MG, VG 1 and FB and NMSE values of zero (after Chang
and Hanna, 2004).
3.1.5 TAPM Run Dispatching
TAPM is designed to run on personal computers with a Windows graphical
user interface (GUI) for control and has also been compiled to run under the
UNIX/ Linux platform in command line batch operations. In this project the
model was run on a combination of both with the majority of modelling con-
ducted on the iVec Cognac server which operates under SuSe Linux and results
formatting on a Windows XP PC. The model takes several hours to model a
month on a single processor and therefore 3-4 processor days to model a single
year. This time can be signi¯cantly reduced by running multiple jobs simultane-
ously distributed, in monthly batches, across several processors. One challenge of
distributing computing in this manner is downloading the large output ¯les gen-
erated which took at around 6 hours per year modelled. However, the bene¯ts in
terms of time, cost and convenience of sharing the iVec resource far outweighed
the networking challenges.
3.2 Con¯guration of TAPM: Meteorology
3.2.1 Grid Structure
Because TAPM is two models in one, two optional grid schema can be
speci¯ed for both meteorology and pollution modelling, the latter a subset of the
former and often used with ¯ner resolution of the order of a factor of two. Up
51to 5 nested grids can be stipulated and for this study the meteorological runs
used 4 nested grids chosen for comparison against recent studies in the literature
(Hibberd and Physick 2002; Physick and Edwards, 2004). The initial, or outer
grid is de¯ned by a central latitude and longitude from which a set number of
grid points can be spaced in 3 dimensions. Because TAPM ignores the curvature
of the Earth, the grid dimensions are therefore of ¯xed height (z), length (y) and
width (x) axes out from the central focal point (Hurley et al, 2005). The grid
points set for meteorological modelling in this study were 35 x 35 x 25 (x,y,z)
with an outer spacing of 30, 10, 3 and 1 km identical to the 4 nested grids with
a central focal point of 33± 22.9' S, 116± 15.9' (GDA94) updated from 33± 23' S,
116± 15.5' E (AGD84) Physick and Edwards, (2004). This approach was chosen
because the inner most grid included the key points of interest including the
Collie, Shotts and Western 2 meteorological stations as well as the Muja and
Collie power station sites. The Worsley power station site falls just out of the
inner grid but this is satisfactory given its proximity.
3.2.2 Synoptic Data
TAPM requires input of synoptic scale data which forms the boundary me-
teorology that is used to drive the meteorology within user de¯ned grids. TAPM's
default synoptic data set is six hourly on a latitude/ longitude grid with an op-
tional 0.75 or 1.0 degree grid spacing which correlates to between 75 km and
100 km. The TAPM default is the Bureau of Meteorology data set because it
has been speci¯cally developed, over time, for dispersion modelling, however; al-
ternatives can be used (Puri et al.,1998, Hart, 1998; Luhar and Hurley, 2008).
One alternative is the `Reanalysis' data set which is available for free download
52(Kalnay et al, 1986; N.O.M.A.D.S., 2008).
However, it should be noted the reanalysis data set is a free source with
no warranties of its accuracy despite extensive validation (Kalnay et al, 1986;
N.O.M.A.D.S., 2008). Luhar and Hurley (2008) found the use of this data set
with TAPM had no signi¯cant impact on the models performance. There is
no experimental comparison with the TAPM default data in this project as it
has recently been done (Luhar and Hurley, 2008). Once formatted for use with
TAPM, a process completed in the early stages of this project, the data set
provides synoptic scale meteorology for the entire globe. For this project, the
South West of Western Australia is extracted and formatted for input into the
TAPM format.
3.2.3 Topography
Topographical surface elevation data drives TAPM's 3D equations of mo-
tion. Using this as a basis for the surface terrain TAPM is able to factor in the
e®ects, such as potential air °ow over, around and through terrain in three di-
mensions. This approach is technically superior to that of °at surface approach
used in simple Gaussian models. Some more complex Gaussian models,such as
Aeromod, compensate for this through more sophisticated schemes. The default
TAPM terrain data set is based on the US Geological Survey, Earth Resources
Observation Systems from the Distributed Active Archive Center and has a 30
second resolution ( 1000 m).
The topography input data used in this study was sampled from Geoscience
Australia (GA) and is 9 second ( 300m) sampled data which is the highest quality
topographical data set o®ered by GA for this region at present (GA, 2008). This
53¯ner resolution (compared to TAPM's default data set) is expected to deliver
signi¯cant improvements (Hurley, 2005; GA, 2008). As with the synoptic data,
no experimental control was used to validate the use of this enhanced dataset as
it is recommended in the literature (Hurley,2005; Hibberd and Physick, 2002 and
Physick and Edwards, 2004).
3.2.4 Vegetation and Soil Type
Accurate parameterisation of land-use, vegetation and soil is important as
they in°uence the surface energy balance, heat and wind momentum. The default
TAPM land use data set used in this study and are shown in Figure 3.1. This is a
3 minute grid spaced (§5000m) public domain dataset from CSIRO Wildlife and
Ecology (Hurley, 2005). Given that the Collie landscape features scattered trees,
particularly closer to the town, accurate estimation of the e®ective roughness
length is important. Figure 3.1 shows the Collie meteorology station set on
uniform clay loam soil, same as all sites. It also shows Collie being in a sparse
tree vegetation type. All other types are set to the mid-dense forest vegetation
type.
TAPM's land-surface scheme, parameterised in terms of Monin-Obhukov
surface similarities, ¯rst calculates soil moisture, surface temperature and vege-
tation cover apart and weights according to their sur¯cial fractional cover and
then imposes this as a single lower boundary layer condition (Luhar and Hurley,
2003). This is a potential area for future research and the incorporation of a ¯ner
resolution grid similar to the §1000m grid used by TAPM on non-Australian
terrain or developed speci¯cally for a region (Hurley, 2005).
54Figure 3.1: Default TAPM input for vegetation and soil type showing for the
inner-most grid (35x35) with a 1000m resolution as used in all model runs for
this project.
Hibberd and Physick (2003) ran simulations with adjusted roughness length
parameterisations to Zo=1.0m from Zo=0.3m for the majority of the inner most
grid. The Zo=1.0m corresponds to a mid-dense forest and Zo=0.3m being the
lower end of this scale and representative of the sparsely dense forest surrounding
Collie (Stull, 1988). This study found the higher Zo=1.0m resulted in wind
predictions around 15% lower than Zo=0.3m. It also found that concentration
predictions were slightly lower for lower roughness lengths. Therefore, we can
expect some impact of the use of this parameterisation, compared to Hibberd
and Physick (2003).
553.2.5 Soil Moisture
Soil moisture, or Deep Soil Moisture (DSM) in TAPM, plays a signi¯cant
role in the surface energy balance in°uencing surface temperature, evaporation
and in°uencing the development of turbulent eddies (Li and Lyons, 2002). Soil
moisture has been shown, in the literature on Collie, to have an impact on near
surface temperature and wind speed (Hibberd and Physick 2003; Physick and Ed-
wards, 2004). Soil moisture plays a key role in the surface-atmosphere transfer of
solar radiation, in terms of magnitude between latent heat °ux (evaporation and
vaporisation of water) and sensible °ux (surface-atmosphere radiation balance as
a result of temperature gradient) (Sturman and Tapper, 2006). Simply put, the
thermal conductivity of water is more than an order of magnitude larger than that
of air in soil and therefore, near surface air temperatures are higher in dry soil
conditions because less energy from solar radiation can be absorbed compared to
wetter soil. Similarly, in the presence of wet soil latent heat di®usion dominates
over sensible heat °ux and evaporation does not heat the lower atmosphere (i.e.
vaporisation takes up heat during the day). In dry soil conditions sensible heat
°ux will dominate and result in warmer and dryer surface conditions.
TAPM provides for user de¯ned deep soil moisture at a monthly averaged
resolution with default values. This does not allow for dynamic feedback of
rainfall, humidity and evaporation and e®ectively ignores the cumulative e®ects
of these processes. The soil moisture functionality of TAPM can not be manually
enhanced (imputed) like other parameters such as wind. Because the rainfall in
2001 deviated signi¯cantly from the long term climate average, and this no doubt
impacted on the soil moisture, it was decided to investigate the sensitivity of
TAPM to soil moisture. It should also be noted that TAPM version 4.0 should
56improve further on the results of this project given its enhanced surface-°ux
model.
The three experimental approaches for custom input deep soil moisture
settings and the monthly values, grouped by season, shown in Table 3.1, have the
following features;
Run I Uses the default TAPM deep soil moisture, derived from land use and
soil moisture, as supplied with TAPM (Hurley, 2005).
Run II Uses Physick and Edwards (2004) soil moisture parameters manually
manipulated to better re°ect local anomalies, a process described in further
detail by Hurley and Luhar (2005).
Run III Derived 10cm soil moisture values from the model by Li and Lyons
(2002) and shows marked variance in moisture's seasonal distribution by
comparison to Physick and Edwards (2004) and the TAPM default.
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58Figure 3.2 shows the relationship between the rainfall and soil moisture. Af-
ter signi¯cant spikes in rainfall, such as those evident in autumn and throughout
winter, the soil moisture increases and is stored over time. Similarly, as winter
passes spring soil moisture starts of high and rapidly decreases as warmer weather
encroaches. This e®ect is clearly evident in the month of December. As the soil
moisture steadily declines from the winter peak, the November spike in rainfall
(see Figure 2.14) contributes to a continuation of values above 0.3 m3m¡3 through
December This dynamic temporal relationship must be accounted for when mod-
elling. Monthly or seasonal parameterisation fails to re°ect daily °uctuations.
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Figure 3.2: Comparison of daily rainfall with modelled soil moisture from Obser-
vations of rainfall P from Western 2 (Li and Lyons,2002).
The Li and Lyons (2002) model is a one-dimensional boundary layer model
used to simulate land-atmosphere interactions. It calculates the °ux of water
vapour to the atmosphere separately to soil and vegetation, yet, it still uses a one-
source model to estimate sensible heat °ux. Canopy transpiration is calculated as
a function of the moisture content of the soil and the soil evaporation is estimated
using threshold formulations. In a region like Collie, without crop irrigation, the
basic equation for the surface water balance can be expressed as;
SW = SW0;i¡1 + P ¡ ET ¡ Ie ¡ Q (3.7)
where i is the interval number, P is rainfall, ET evapotranspiration, Ie is the
in¯ltration into the next soil layer, Q runo® and SW0;i the sur¯cial soil moisture
at time i and SW0;i¡1 at time i ¡ 1 (Li and Lyons, 2002)
60The model is empirical and can be initialised on either a day when the soil is
very dry or following heavy rain (Li and Lyons, 2002). For the soil moisture used
in this project, no run-up was available and the model was started on January
1, 2001. The input rainfall, P was sampled from the Western 2 data set and
the solar radiation from the Collie BoM site (BoM, 2008). Further detail on the
model can be found in Li and Lyons (2002).
3.3 Con¯guration of TAPM: Pollution
3.3.1 Point Source Emissions
TAPM provides user de¯ned pollution parameters for point, line and area
source emissions of both ¯xed and variable de¯nition. This project uses hourly
averaged point source emissions provided by the Department of Environment
and Conservation based on those used by Pitts (2002), Hibberd and Physick
(2002) and Physick and Edwards (2004). Since this project is retrospective and
load pro¯le data for the 6 pollution sites was available, the variable point source
emissions option was selected because it will provide the most accurate result
and can be compared to studies using earlier versions of the model (Hibberd and
Physick, 2002; Physick and Edwards, 2004).
The data set provides an estimate of hourly SO2 derived from the known
performance of the plant relative to the coal combusted and the combustion tem-
perature both of which impact on the concentration of SO2 emitted from the
stack. Pitts (2002) indicates that there are limitations in the ability to predict
the concentration of sulphur in the coal and considered his ¯ndings to be a con-
servative estimate. Similarly, monitoring of the input coal or installation of stack
monitoring equipment was considered too costly (Pitts, 2002). It is important to
61note that the data used in this study was derived and not measured.
3.3.2 Stack Emissions Mass Balance Calculations
Pitts (2002) details the methodology developed by Western Power, used to
estimate the SO2 emissions for the Collie and Muja Power Stations, used in the
modelling assessments by Hibberd and Physick (2003) and Physick and Edwards
(2004).
Emissions for Collie and Muja Power Stations were developed using a mass
balance approach based on an estimated amount of coal burned per hour (Equa-
tion 3.8), the rate of sulphur released (Equation 3.9) and SO2 in gs¡1 (Equation
3.10) as follows;
"coal(kgMW
¡1) =
3600
(´coal £
´gen
100 )
; (3.8)
S(kgs
¡1) = "coal(kgMW
¡1h
¡1) £ "gen(MW) £
S
100
£
F
100
1
3600
; (3.9)
SO2(gs
¡1) = 2 £ S(gs
¡1); (3.10)
where in Equation 3.8 the ´coal (speci¯c energy of coal) was taken as 20MJ
kg¡1 (HHV) and ´gen is the e±ciency of the power station unit (HHV) on an as
generated basis of 28.7%, 36.4% and 38.3% for Muja A and B, Muja C and Muja
D respectively with Collie estimated at slightly higher e±ciency than Muja D at
38.7% (after Pitts, 2002). For Equations 3.9 and 3.10 "gen, is generated electricity
in MW at the generator terminal estimated by increasing the electricity sent out
by 6.7% for Collie, 7.0% for Muja D, 7.3% Muja C and 7.4 for Muja A/B; S is
the sulphur content on a received basis in the coal (%); and F is the percentage
of sulphur dioxide released up the stack (after Pitts, 2002).
623.3.3 Background Emissions
Surface Ozone (03) is a signi¯cant driver in atmospheric photochemistry.
Although no photochemistry modelling was conducted in this assignment be-
cause Hibberd and Physick (2003) and Physick and Edwards (2004) recommend
a background ozone value it has been described here. The NEPM standard for
exposure to 03 is 1 hour exposure to 0.10 ppm for 1 day a year and 4 hours
at 0.08 ppm 1 day a year (NEPC, 1998). The TAPM graphical user interface
(GUI) provides for input of background 03 concentrations. An 03 concentration
background value of 20ppb was used in this study consistent with the literature
regarding rural towns in Western Australia and the Collie region (Hurley et al,
2002; Pitts, 2002; Physick and Edwards, 2004).
3.3.4 Grid Structure
Identical to the meteorological runs, 4 nested grids were used for the pollu-
tion modelling. The literature speci¯c to Collie had several di®erent approaches to
pollution modelling, including the use of AUSPLUME and CALPUFF (Hibberd
and Physick, 2003; Physick and Edwards, 2004). For this study, grid structures
of 45 x 45 x 25 (x,y,z) were used with an spacing of 15000m, 5000m, 1500m and
500m set on a consistent central focal point of 33± 22.9' S, 116± 15.9' (GDA94)
as used in Hibberd and Physick, (2003) and Physick and Edwards, (2004) .
63CHAPTER 4
Analysis of Results
4.1 Meteorology Sensitivity Analysis
4.1.1 Temperature
Table 4.1 shows Mean, Standard Deviation (Std. Dev.), BIAS, Root Mean
Squared Error (RMSE), Correlation coe±cient (Cor) and Willmott's Index of
Agreement (IOA) of temperature data modelled for each of the three sensitivity
experiments re°ecting the three soil moisture initialisations investigated. Run I
was initialised with TAPM default values. Run II was initialised with Physick
and Edwards (2004) estimations and Run III with Li and Lyons (2002) calcu-
lated values. Table 4.1 generally con¯rms that TAPM has successfully replicated
authors claim's (Hurley, 2002; Hurley 2005) that it can accurately predict temper-
ature in complex terrain. Generally, TAPM performed well overall on prediction
of temperature despite over predicting the lower end and under-predicting the
higher end. This is most easily identi¯ed with the use of Figure 4.1 showing (A)
the scatter plot of the most accurately predicted month versus the observations
at the Collie site and (B) a quantile-quantile ordered ranking at the same site for
the period, April, 2001.
64Table 4.1: A point-point comparison between air temperature (±C) observations
from Collie, Shotts, Bluewater and Western 2 meteorology sites and TAPM model
Runs I, II and III showing a Mean and Standard Deviation for each site and
a BIAS, Root Mean Squared Error (RMSE), Correlation Coe±cient (Cor) and
Index of Agreement (IOA) for TAPM runs.
Points of Size Mean Std. Dev. BIAS RMSE Cor IOA
comparison (n) oC oC
Collie Obs. 8760 14.95 6.90 | | | |
Run I 8760 14.57 5.48 -0.38 0.03 0.92 0.999
Run II 8760 14.76 5.00 -0.79 0.03 0.92 0.995
Run III 8760 14.49 5.34 -0.46 0.03 0.92 0.995
Bluewater Obs. 8736 14.91 6.09 | | | |
Run I 8736 14.30 5.51 -0.61 0.03 0.94 0.995
Run II 8736 13.85 4.98 -1.06 0.03 0.93 0.987
Run III 8736 14.19 5.32 -0.72 0.03 0.93 0.994
Shotts Obs. 8736 14.34 6.55 | | | |
Run I 8736 14.26 5.52 -0.08 0.03 0.93 0.999
Run II 8736 13.81 4.99 -0.52 0.03 0.93 0.997
Run III 8736 14.16 5.33 -0.18 0.03 0.92 0.999
Western 2 (18m) Obs. 8726 14.92 6.32 | | | |
Run I 8726 14.37 5.40 -0.55 0.03 0.93 0.997
Run II 8726 13.93 4.89 -0.98 0.03 0.92 0.990
Run III 8726 14.27 5.23 -0.65 0.03 0.92 0.995
Western 2 (36m) Obs. 8726 14.92 6.32 | | | |
Run I 8726 14.37 5.40 -0.55 0.03 0.93 0.996
Run II 8726 13.93 4.89 -0.98 0.03 0.92 0.990
Run III 8726 14.28 5.21 -0.64 0.03 0.92 0.995
65The scatter shown in Figure 4.1 (a) indicates the models ability to predict
temperature within the margin of error found in the observations. Simply put,
a good trend in a scatter plot is predictions that follow the 1:1 line with almost
uniform scatter. The scatter in the plot corresponds to a Std. Dev. of §5.440C
as compared with §5.970C for the observations and is indeed a good prediction of
temperature using the Chang and Hanna, (2004) de¯nition. Despite this, there is
a net under-prediction that is analysed further later in this section. For now, the
signs of this under-prediction can be visualised using Figure 4.1 (b) that clearly
shows under-predictions for all model runs.
An example of the increased magnitude of under-prediction of Run II at
Bluewater's can be explained using Figure 4.1 (a) in observing the higher den-
sity of points under the 1:1 line and using Figure 4.1 (b) ordering the under-
predictions from around 7±C and progressing higher up the scale. This is an
example of the pattern leading to the annual 7% under-prediction occurring in
Run II. The magnitude of under-prediction is noticeably greater than Run I with
a 4% under-prediction and Run III at 5%. In this case, the dryer soil moisture pa-
rameterisations have improved the models ability to predict higher temperatures
albeit not signi¯cantly.
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Figure 4.1: Scatter plot comparing Collie observations with TAPM Run III for
the month of February, 2001 (a) and quantile-quantile plot comparing TAPM
Runs I, II and III (labeled TAPM (A), (B) and (C) respectively) against Collie
observations for the same period (b) and all temperatures are in ±C.
67Table 4.1 compares the predicted temperature against observations from me-
teorological stations Collie, Shotts, Bluewater and Western 2 using 10m (Collie,
Shotts and Bluewater) and 25m/50m (Western 2 18m and 36m tower respectively)
data from the inner most grid. Although the di®erences are again, not signi¯-
cant in their magnitude, a consistent pattern of model performance did emerge
as did an anomaly in the expectations surrounding the soil moisture sensitivity
of TAPM. All model parameterisations returned a Root Mean Squared Error
(RMSE) of 0.03 and a Sigma (Standard Deviation) within that of the standard
deviation range of the observations indicating a consistent model performance.
Wilmott's Index of Agreement (IOA) was consistently close to ideal (1.00) vary-
ing only slightly in the range of 0.987 (Bluewater Run B) to 0.999 scored on Collie
Run I and Shotts Run I and (C) that indicates a strong correlation between both
the observations and each run. BIAS results from Table 4.1 also show a consistent
under-prediction of the temperature with the BIAS ranging from -0.08 (lowest)
on Shotts Run I to -1.06 (highest) on Bluewater Run II. This consistency reveals
little about the e®ects of the soil moisture on the temperature, however, within
the margin evident a pattern does emerge.
The three model runs show that the Shotts site performed best overall,
based on IOA and the least under-prediction of all the sites . The Shotts site
therefore also revealed the most accurate individual runs highlighting that Shotts
Run I, featuring Physick and Edwards, (2002) soil moisture parameters produced
the best result and that Shotts Run III, derived from the Li and Lyons (2002),
the second best albeit marginal. This pattern repeats itself across all sites. The
TAPM default parameterisation of 0.15 m3m¡3 throughout the year produced the
least accurate result overall. This tells us that the models temperature is only
68marginally sensitive (over a year) to soil moisture.
This shifts the focus back to the parameterisation itself and requires deeper
analysis than the broad yearly statistics. Review of the monthly statistics for
Collie shows the greatest range of yearly IOA with 0.995 for Run III versus 0.999
for Run I in Table 4.1, Run III performed better in the warmer months (Jan-
May). Run III performed the worst overall in the cooler winter (June-August)
and spring months (September-November). In its best month of April, Run III
returned an IOA of 0.999 versus 0.995 for Run I and a under-prediction (BIAS)
in the order of a factor of 4 less (-0.26) than Run I (-1.06). This contradicts
expectation, that the Li and Lyons (2002) soil moisture model would perform
poorly in the ¯rst months of the year as it requires a suitable run-up (months to
a year) period that was not available. Because of this one would expect this to
have a negative impact on the summer months (January and February) resulting
in an under-prediction (of soil moisture). Further analysis of the statistics for
this year reveal another not-predicted response.
Given that Collie receives most of its rainfall in winter, the Li and Lyons
(2002) model would be expected to be more accurately predict the latter months
of the year as this period has the longest run-up in this experimental design. The
most under-predicted month by Run III, December, produced a BIAS of -2.75
which is almost 60% more than the -1.59 from Run I. Whilst this is consistent
with the theory that wetter soils favor latent heat °ux and result in cooler tem-
peratures. This anomaly suggests a far more complex problem with the models
soil moisture parameterisation. One explanation is that Li and Lyons, (2002)
found that the soil moisture surface energy balance, and thus temperature, was
in°uenced on a ¯ner temporal scale than that averaged over a month. TAPM av-
69erages the soil moisture monthly and does not dynamically adjust for rainfall, it is
e®ectively ignoring any accumulation in soil moisture and increased evaporation
over time. It is rational to expect that soil moisture would °uctuate considerably
throughout the month.
4.1.2 Wind
The potential for TAPM to signi¯cantly over-predict low wind speeds, par-
ticularly under strongly stable conditions (<2ms¡1), regardless of parameterisa-
tion is common to mesoscale models (Pielke, 2002). TAPM performed as pre-
dicted with regards to wind speed, however, it replicated a good prediction of
wind direction found in the literature (Pitts, 2002; Hibberd and Physick, 2002;
Physick and Edwards, 2004). Collie and Shotts were observed to be exposed
to trees on their south-west °anks (Pitts, 2002). The terrain at Bluewater (a
grass covered ¯eld) and Western 2 (higher tower) were not perturbed to the same
extent and this is again replicated in these results. Figure 4.2 compares the ob-
served annual winds with the predicted winds from Run III that is indicative of
the other model runs. Point to point comparisons of each site performed slightly
di®erently and reveal some patterns of error.
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Figure 4.2: Wind rose of 10m wind speed (ms¡1) and direction (±) measured at
Bluewater meteorology station for year 2001 (a) and a wind rose of 10m wind
speed (ms¡1) and direction (±) from TAPM Run III for the same period (b).
71Figure 4.2, featuring wind data from the Bluewater site, shows the direc-
tional distribution of winds in the north-west and south-west quadrants under-
predicted whilst their intensities over-predicted. There is a noticeable under-
prediction of winds from the south with the observations showing a distributional
frequency of 5.9% compared to 5.5% in Run III which is a di®erence of almost
10%. A similar under-prediction can be found in winds from the north.
The variance of greatest magnitude occurs in wind frequency from the north-
east and south-east. In these quadrants 53.4% of the observed winds occurred
compared to 60.5% of modelled winds. The over-prediction of winds from the
north-east quadrant (16.4% of observations and 23.4% of modelled) is around
7%. The over-prediction of winds from the south-east (41.5% of observations and
44.1% of modelled) is around 2.6%, relatively low compared to the north-east
quadrant.
Figure 4.2 also clearly shows general trend of the over-prediction of the lower
wind speeds, particularly evident in comparison of the distribution of observed
winds from 3-9 ms¡1 compared to 3-5 ms¡1 for the model. The model clearly
shifts predictions of winds over 5 ms¡1 into the 2-5 ms¡1 range. The order
of this shift is greatest at Collie meteorological station at 6.9%, decreasing to
5.3% at Shotts, 5.1% at Western 2 (18m), 2.9% at Bluewater and lowest at
2.1% at Western 2 (36m). Although, Bluewater scores second lowest overall, the
noticeable di®erence visible in Figure 4.2 can be explained by the sites higher
frequency of stronger winds. Bluewater's features the second highest distribution
of winds above 5ms¡1 at around 12.7% (Shotts is the highest at 13.1%) and the
smallest di®erence (3.5%) between the model and observations of winds in this
range. Whilst the Collie site featured around 12.0% of predicted winds in this
72range, the di®erence with observations was the highest at 10.9%.
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Figure 4.3: Scatter plot comparing Bluewater observations with TAPM Run III
for the month of April, 2001 (a) and a quantile-quantile plot comparing TAPM
Runs I, I and III against Bluewater observations for the same period (b) where
all wind speeds in ms¡1.
74Figure 4.3 (a) features a std. dev. of the wind scatter of 2.79 ms¡1 §1.12 at
the Bluewater site for Run I (shown as TAPM A) compared to 3.10 ms¡1 §1.76
for the observations. There is a net under-prediction evident in the BIAS of -
0.30. This under-prediction can be seen at higher wind speeds where the scatter
is greater. It corresponds to Figure 4.3 (b) that shows each model run for this
site predict winds well below 2 ms¡1 and generally under-predict winds higher
than this. The ¯t of this data is also evident in analysis of Table 4.2. Bluewater,
despite shifts in wind speed and direction, performs well over the year, similar in
general performance to the temperature.
This is, however, not the case for wind speed across the sites. For example,
the best performing prediction of surface winds was found in Bluewater Run I,
that under-predicted wind speed by only 11% (mean 3.09 ms¡1 §1.92). Collie
station modelling over-predicted at all sites with Run I by a margin of 46%.
Shotts runs over-predicted by 20% and Western 2 (18m) by 34%. However, the
Western 2 (36m) sites wind speeds achieved a 0.3% under-prediction on Run I
which is the overall highest correlation and features the smallest BIAS of -0.02.
This evidence would suggest that the terrain e®ects, the perturbation of
some sites by trees plays a more signi¯cant role in TAPM's skill than the synoptic
forcing. Banta et al. (2002) noted up-slope and down-slope e®ects in complex
terrain acted to enhance synoptic scale e®ects. At the Collie and Shotts sites,
winds from the south-east quadrant are in°uenced by the °ow over and around
the the open cut mines upwind of the Muja site, they are then further perturbed
locally by tress south of their position.
Table 4.2 features a consistent correlation coe±cient across the sites and
model runs in the range of 0.69 at Western 2 (18m) to 0.74 at Bluewaters. TAPM
75Table 4.2: A point-point comparison between wind speed (ms¡1) observations
from Collie, Shotts, Bluewater and Western 2 meteorology sites and TAPM model
Runs I, II and III showing a Mean and Sigma (standard deviation) for each site
and a BIAS, Root Mean Squared Error (RMSE), Correlation Coe±cient (Cor)
and Index of Agreement (IOA) for TAPM runs.
Points of Size Mean Std. Dev. BIAS RMSE Cor IOA
comparison (n)
Collie (10m) Obs. 8760 1.71 1.23
Run I 8760 3.14 1.40 -1.43 0.02 0.72 0.713
Run II 8760 3.08 1.36 -1.37 0.02 0.70 0.729
Run III 8760 3.10 1.36 -1.39 0.02 0.72 0.723
Bluewater (10m) Obs. 8736 3.48 1.92
Run I 8736 3.09 1.31 -0.38 0.01 0.74 0.985
Run II 8736 3.02 1.28 -0.46 0.02 0.72 0.978
Run III 8736 3.06 1.29 -0.42 0.01 0.73 0.982
Shotts (18m) Obs. 8736 2.46 1.53
Run I 8736 3.06 1.36 0.61 0.01 0.74 0.947
Run II 8736 2.98 1.32 0.53 0.01 0.71 0.959
Run III 8736 3.03 1.33 0.58 0.01 0.73 0.952
Western 2 (18m) Obs. 8726 2.32 1.03
Run I 8726 3.54 1.54 1.22 0.02 0.73 0.700
Run II 8726 3.47 1.51 1.15 0.02 0.69 0.722
Run III 8726 3.52 1.53 1.20 0.02 0.70 0.705
Western 2 (36m) Obs. 8726 3.55 1.52 | | | |
Run I 8726 3.54 1.54 -0.02 0.01 0.73 0.999
Run II 8726 3.46 1.51 -0.09 0.01 0.71 0.998
Run III 8726 3.69 1.59 +0.14 0.01 0.70 0.996
76Run I performs slightly better at all sites and Run III is mostly second (n=4 from
5). One would expect that increased soil moisture (latter months of the year)
would result in an decrease in predicted speed of near surface winds (Jacobson,
1999). The Shotts and Western 2 sites show a net over-prediction of winds and
Collie and Bluewater a net under-prediction on yearly averaged BIAS. For the
wettest soil month, October with 0.35m3m¡3 for Run III compared to 0.15m3m¡3
for Runs I and II, the pattern shows winds are either under-predicted by Run III
(Collie and Shotts) or less over-predicted Bluewater and Western 2 (18) which
partially con¯rms the theory.
The horizontal components of the wind u and v performed considerably
better in the point-point statistical analysis than the wind speed alone. Figures
4.4 and 4.5 compare the std. dev. from observations against TAPM for each site.
Shotts std. dev. most closely resembled the observations. Whilst the Shotts site
featured a strong Cor (range 0.88-0.89) for u and v (0.82 for all runs) TAPM
had a net under-prediction at this site.
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Figure 4.4: Standard deviations comparing the U wind component (eastward
°owing winds) of observations against TAPM Run I, Run II and Run III predic-
tions for the sites (a) Bluewater, (b) Collie, (c) Shotts, (d) Western 2 (18m) and
(e) Western 2 (36m).
78TAPM best predicted the u and v component winds at the Bluewater
site. The observational mean u component was 0.55ms¡1§2.34 compared to
0.37ms¡1§2.06 at the best performing site. Despite Figure 4.4 showing a large
variability in std. dev. for the warmer months, the u component for Bluewaters
has an annually averaged IOA of 0.993 for Run II and 0.994 for Run I and II
and a Cor of 0.89. The IOA remains high on the v component winds (range
0.996-0.997) although the Cor drops back to 0.83 for all predictions. The under-
prediction is greatest on winds from the south in the u component by a factor of
2 compared to the v component for corresponding runs. Hibberd and Physick,
(2003) found that the Bluewater site performed better and attributed this to the
well positioned monitoring station, thus these results successfully replicate this.
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Figure 4.5: Standard deviations comparing the V wind component (northward
°owing winds) observations against TAPM Run I, Run II and Run III predictions
for the sites (a) Bluewater, (b) Collie, (c) Shotts, (d) Western 2 (18m) and (e)
Western 2 (36m).
804.2 Pollution Validation
4.2.1 Sensitivity Analysis: Results of Soil Moisture Parameterisation
Table 4.3 shows the \Model Validation Kit" Boot statistics (Chang and
Hanna, 2004) for the observation and modelled hourly averaged SO2 concentra-
tions. The two closest predictions, compared to their sites observations, were
Collie Run III (4% under-prediction) and Bluewater Run I (1% over-prediction)
(\HIGH" column in Table 4.3). Collie Run I is third closest, again in the highest
concentration category, with a 6% under-prediction. The Shotts site's predictions
were all higher than the observations.
The \BIAS" column shows this pattern of over-prediction across all sites
and all runs. The Shotts model runs over-predicted the mean with a BIAS in
the range of -3.23 on Run I to -3.83 on Run III. Bluewater over-predicted the
mean with a BIAS in the range -1.68 on Run I to -2.15 on Run II and Collie
over-predicted the mean signi¯cantly with a BIAS ranging from -1.89 in Run I
to -2.85 on Run II.
Figure 4.6 shows quantile-quantile plots from Shotts, Bluewater and Collie
and the net over-prediction at all sites for all model runs (experiments). Shotts
(labeled (C) on Figure 4.6) shows the poorest ¯t of these model runs and con°icts
results shown in Hibberd and Physick (2003) which showed a closer ¯t for this site.
Although the Bluewater's site appears to have the overall best ¯t, the statistics
(see Table 4.3) show although Collie had lower error (Std. Dev.) despite the
over prediction (evident in the BIAS discussed earlier) was greater. Nonetheless,
the closest \HIGH" predictions (Bluewater's Run III and Collie Run III) were
both a result of the Li and Lyons (2002) soil moisture parameterisation. Collie
Run III's \ 2nd High", as shown in Table 4.3, was §12% of the observation
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82making this combination (top 2 highest predictions) the overall best predictions
(in terms of high ground level concentrations). This supports the ongoing use of
TAPM for predicting the highest concentrations at the Collie site, currently the
key monitoring site for the region.
83(a) Bluewater
(b) Collie
(c) Shotts
Figure 4.6: Quantile-quantile plots comparing SO2 observations at (a) Bluewater,
(b) Collie, (c) Shotts to TAPM Run I, Run II and Run III predictions for each
sites.
844.3 Highest Modelled Pollution Concentrations
The inner-most grid (500 m resolution) Run III model runs are used in
further analysis of the highest ranking pollution episodes. For analysis of ground
level concentrations, each monitoring station is considered in isolation and then
compared to the other stations around Collie. Putting this in context of the
¯ndings of other studies in the region, some consideration of their approach and
¯ndings is necessary.
Hibberd and Physick (2003) noted a similar result for their modelling show-
ing that more than one season and even years of modelling is required to reproduce
an accurate frequency distribution of pollutant dispersion using TAPM. This con-
tradicts their suggestion of 2001 as a mean year. Hibberd and Physick (2003) also
note that for an annual simulation the observed statistics can be best compared
to ranked statistics (i.e. quantile-quantile plots). Physick and Edwards (2004)
did not present quantile-quantile plots, only contour maps, yet Pitts (2002) did.
Whilst Pitts (2002) and Hibberd and Physick (2003) covered multiple years in
their studies of Collie, Physick and Edwards (2004) focused solely on 2001. Hi-
bberd and Physick (2003) also noted that, in Collie, the downwards mixing (i.e.
fumigation) of elevated plumes between hours 0700h and 0800h result in markedly
high ground level concentrations. This is also con¯rmed with 50% of the top 20
highest concentrations occurring between the hours of 0600h and 1100h and 10%
between 0700 and 0800.
4.3.1 Collie
Figure 4.7 shows the time series of hourly averaged SO2 predictions of
ground level concentrations from Run III at the Collie site for the year 2001.
85The highest occurred on the 16th of April at 1100h and was 300 § 18 ¹gm¡3
(53% of NEPM) . The wind observations at site time show a low wind from
the west-north-west (259o) at 0.7 ms¡1 compared to TAPM's prediction of a
south-easterly (152o) blowing at 1.3 ms¡1. This shows the spatial and temporal
variability inherent in TAPM's predictions and is evidence of the models over-
prediction of low winds. Whilst this observation compares in magnitude to the
third highest annual observation shown in Chapter 2 (i.e. 57% of NEPM) the
surface meteorology associates this di®erence to the wind speed and direction.
It should be noted that other factors not considered in this project (upper level
winds, plume rise, boundary layer, stability and more in-depth analysis of terrain)
would have no doubt contributed to this result.
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O 2 predictions of ground level concen-
trations from the Li and Lyons (2002) soil moisture parameterisation TAPM Run
III at the Collie site in ¹gm¡3 in for the year 2001.
Figure 4.8 shows a contour plot of the maximum concentrations for the
entire year, which includes the results shown in Figure 4.7. Figure 4.8 contains
86a 300 ¹gm¡3 contour that steps up in concentration to the east-south-east of the
town (i.e. increasing eventually to exceed the NEPM tracing back to the Muja
site). The pattern of dispersion close to the Muja site in Figure 4.8 also re°ects
the common south-easterly wind regime found in the town.
Figure 4.8: Contour plot showing Run III hourly maximum predicted concentra-
tions (¹gm¡3) for the year 2001.
The second highest concentration, shown on Figure 4.7, occurred on the
27th of February at 0900h and was 265 § 18 ¹gm¡3 (46% of NEPM). The third
87highest occurred on the 14th of August at 1500h and was 244 § 18 ¹gm¡3 (43%
of NEPM). These results are in line with DEC (2002) that shows the NEPM for
hourly concentrations at this site was not exceeded in 2001.
4.3.2 Shotts
Figure 4.9 shows hourly averaged concentration predictions from Run III at
Shotts di®ers signi¯cantly to its observations in terms of the distribution of high
concentrations shown in Figure 2.4. In the observations we saw a higher frequency
of high concentrations from January through to march and this pattern is more
random throughout the year in Figure 4.9, again purely a re°ection of TAPM's
pollutant dispersion characteristics described in Hibberd and Physick (2003).
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trations from the Li and Lyons (2002) soil moisture parameterisation TAPM Run
III at the Shotts site in ¹gm¡3 in for the year 2001.
The highest hourly averaged concentration, shown on Figure 4.9, occurred
88again on the 16th of April at 1200h and was 520 § 28 ¹gm¡3 (91% of NEPM).
The second highest on the 20th of June at 1600h and was 430 § 28 ¹gm¡3 (75%
of NEPM). The third highest on the 22nd of July was 373 § 28 ¹gm¡3 (65% of
NEPM). The distribution of the top 20 showed a split in the distribution with
50% morning and the remainder in the afternoon (50%).
4.3.3 Bluewater
Figure 4.10 shows hourly averaged concentration predictions from Bluewa-
ter's for Run III and again di®ers signi¯cantly to its observations in terms of the
distribution of high concentrations.
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Figure 4.10: Time series hourly averaged SO2 predictions of ground level con-
centrations from the Li and Lyons (2002) soil moisture parameterisation TAPM
Run III at the Bluewater site in ¹gm¡3 in for the year 2001.
The highest hourly averaged concentration, shown on Figure 4.10, occurred
on the 7th of April at 1700h and was 308 § 19 ¹gm¡3 (54% of NEPM). The second
highest on the 22th of July at 0200h and was 269 § 19 ¹gm¡3 (47% of NEPM), the
same date as the third observed an hour later (251 § 19 ¹gm¡3). The distribution
of the top 20 again showed a high distribution in the morning (60%) and the
remainder in the afternoon. Bluewater, like Shotts and Collie have predicted the
common trend of morning fumigation resulting in high concentrations of SO2,
however; the temporal and spatial distribution of these di®ers signi¯cantly from
observations as is typical for mesoscale models and TAPM.
90CHAPTER 5
Conclusion
The overall aim of this project was to compare meteorological and SO2 ob-
servations against TAPM predictions using experimental parameterisation and in
doing so gaining a better understanding of dispersion modelling in the Collie re-
gion. This aim has been achieved through analysis of the dominant climatic tem-
perature, rainfall and wind meteorology and TAPM's predictions. The sensitivity
analysis of deep soil moisture produced the most accurate highest predictions at
Bluewater and Collie and review of the literature revealed new work underway
on TAPM's surface °ux equations and how they might be improved in TAPM
version 4.0.0 (not released at the time of writing). The atmospheric dispersion
modelling was successful in predicting highest hourly concentrations of similar or-
der (Bluewater and Collie sites) to the observations although it showed TAPM's
limited accuracy in spatial and temporal frequency and did not reproduce all
the results found in the literature (particularly at Shotts). Despite TAPM's lim-
itations, regional terrain complexity and error in prediction the model did not
exceed the NEPM standard noted in DEC (2001).
Analysis of the observations for Collie from the CAQMN network of sites
identi¯ed the key meteorological parameters for testing against TAPM's skill.
Of most signi¯cance to the dispersion were the pattern of north-westerly and
south-easterly winds forced synoptically but heavily in°uenced by the undulat-
91ing regional terrain and the valley location of Collie. This wind regime plays a
signi¯cant role in the atmospheric dispersion in the region as it creates a channel
transporting emissions from Muja to the north west, past the town and Col-
lie station. Similarly the diurnal distribution of winds, particularly calm winds,
identi¯ed the regions high frequency of winds below 2ms¡1 which exceeded 80%
and over-prediction of winds in this range was found in the point-point analysis
for TAPM's predictions of high concentrations. It also showed that generally,
2001 is a mean year, however; a subtle variability in southern winds in 2001 was
identi¯ed and con¯rmed after Pitts (2002).
The point-point statistical analysis showed TAPM predicted the meteoro-
logical parameters with consistently strong correlation (Cor > 0.7) and Index of
Agreement (IOA > 0.800) on monthly and annual averaged statistics in the point-
point comparative analysis. The analysis of the modelled meteorology con¯rmed
TAPM's skill at predicting both temporal and spatial distribution of tempera-
ture (Hurley, 2005). It also con¯rmed the known limitation of over-predicting low
winds and under-predicting high winds and higher accuracy at predicting wind
direction as evidenced in the analysis of u and v (Hurley, 2005). Lower wind
speeds (< 2 ms¡1) were consistently over-predicted and higher wind speeds (2-6
ms¡1) under all boundary conditions set in the sensitivity analysis.
The tendency of the model to under-predict winds from the east is critical
to Collie because of the terrain channeling and the existing and planned power
stations to the east, south east and north east. Analysis of u and v con¯rmed
an under-prediction of winds from the south which contributes signi¯cantly to
regional dispersion as the Muja site is to the south-east of the town. Despite this
TAPM is still considered \good" despite failing the Chang and Hanna (2002)
92test but hardly ideal and there is room for improvement in the parameterisation,
particularly of soil moisture.
The sensitivity analysis of the model physics to deep soil moisture (DSM)
produced a positive result at the Bluewater and Collie sites. Overall, it aided in
the prediction of the highest and second highest concentrations and was consistent
with the Physick and Edwards (2004) parameterisation at all other concentration
levels. It showed model skill varied with improvements in January and February
where the Li and Lyons (2002) model (Run III) provided a dryer soil moisture av-
erage than Run I and II, an expected result for high summer in Collie that receives
little rainfall. Background analysis of Luhar and Hurley (2008) sensitivity of veg-
etation and land use parameters showed a combination of the one-dimensional
surface °ux approach and the temporal dynamics (i.e. use of monthly averaging
as compared to daily or hourly averaging) of the DSM combine to reduce the
models ability to re°ect day-to-day °uctuations in evaporation and moisture ac-
cumulation which Li and Lyons (2002) noted to have a signi¯cant impact on the
dynamics of soil moisture.
TAPM modelling con¯rmed no exceedence of the NEPM for hourly SO2
concentrations as noted in DEC (2002). However, it did not accurately predict
the temporal frequency distribution of these events. This is known for TAPM
modelling in the region and shown in Hibberd and Physick (2003), Physick and
Edwards (2004) and Pitts (2002) and a general problem with dispersion mod-
els (Pielke, 2002). For the Collie monitoring site the Li and Lyons (2002) soil
moisture parameterisation used in this study produced a combination of the most
accurate predictions for the highest and second highest concentrations. This over-
all best parameterisation results were selected for use in the detailed analysis of
93high concentration events because they were the most statistically robust.
Further analysis of the highest concentration for the Collie site showed the
under-prediction could be partly attributed to the models inaccuracy of predicting
wind speed and direction at that time and Figure 4.8 shows the contour running
in the south-east to north-west direction north-east of the site. Considering the
dominant climatic wind regime for the region in this example demonstrates the
dominance of the impact of Muja Power Stations emissions on Collie as compared
to those from Worsley and Collie Power Station. Considered as a set the TAPM
modelling con¯rmed the ¯ndings of DEC (2002) that there was no exceedence of
the NEPM standard for hourly concentrations (i.e. exposure to more than 570
¹gm¡3 for 1-hour) in 2001.
94APPENDIX A
Hourly wind distribution at Collie
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Figure A.1: Hourly wind distribution (24h cycle) of wind velocity recorded at the
Collie Meteorological Station for the year 2001 (BoM, 2008)
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